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Abstract. The article deals with the method of application of digestate with regard to the 
environment, soil properties and utilization of nutrients by plants. The aim is to monitor the 
dependence of the emission gas leakage and the dose of applied fertilizer. With the current 
expansion of biogas plants, a large amount of waste product, especially digestate, is being 
generated. This product is most often used as a liquid organic fertilizer because it contains 
substances important for plant growth. The disadvantage of this fertilizer is the release of 
greenhouse gases into the air. The digestate contains mainly ammonia, nitrogen in the residual 
organic matter and is a fertilizer with rapidly releasing nitrogen. The ammonium nitrogen 
contained in the digestate is easily subject to air losses. Therefore, a method of application for a 
certain crop is sought, where the smallest leaks of gases into the air occur. Different amounts of 
doses for the same route of administration are compared. To measure the amount of emission 
gases, a wind tunnel was placed on each variant of the application, taking air above the soil 
surface, which is discharged to the gas analyser. The monitored greenhouse gases are CH4, NH3 
and CO2. Furthermore, physical properties of soil were monitored in order to verify the conditions 
of the experiment. One of the parameters measured was the soil bulk density of the soil by taking 
intact soil samples. The penetration resistance of the soil was also determined, which indicates 
the degree of compaction. The use of nutrients was assessed through the condition of the stand 
on each variant by monitoring vegetation indices using remote sensing of the earth. 
 




In today's age of intensive agriculture, we can grow enough food on a smaller area 
of agricultural land than before, but the soil must be supplied with fertilizers in order to 
provide enough nutrients. On the area remaining, we can grow plants for other uses. One 
of such uses relates to biogas plants, where some surplus of agricultural crops can be 
processed, alongside with the waste generated during livestock and food production. 
Previously, the input biomass originated from lower quality agricultural crops and plant 
wastes. Today, when a large amount of input biomass is needed, there is a targeted 
cultivation of agricultural crops most suitable for biogas production (Černá et al., 2016, 
Mazur et al., 2020). 
Biogas is formed during anaerobic digestion of organic matter in a fermentation 
tank. The resulting gas contains methane, carbon dioxide and other gases. After the 
removal of unwanted gases from the biogas, the gas is burned in a cogeneration unit, 
which produces electricity using a generator (CZ Biom, 2010). The by-product is then a 
heat, which is partially used in the fermenter to keep it in ideal conditions. Methane is 
particularly suitable for energy use. This method of electricity generation is currently 
supported because biomass is a renewable resource (Bloch-Michalik & Gaworski, 2015). 
Biogas production produces a large amount of digestate, which is a waste product of 
anaerobic digestion. This product is usually used as a liquid organic fertilizer because it 
contains a certain amount of nutrients and organic substances (Massaccesi et al., 2013). 
Less often, the digestate separates into a liquid component and a dry matter (Černá et al., 
2016). The digestate is produced in the biogas plant continuously throughout the year. 
The biogas plant will generate about two tons of digestate per megawatt hour of 
electricity produced. The exact amount depends on the composition of the input biomass 
and the process conditions in the fermenter (Ditl et al., 2017). Due to the agronomic 
deadlines for application, it must be stored for up to several months. The disadvantage 
of this fertilizer is the release of emissions into the air (Holm-Nielsen et al., 2009). The 
digestate contains mainly ammonia, nitrogen in the residual organic matter and is a 
fertilizer with rapidly releasing nitrogen. The ammonium nitrogen contained in the 
digestate is easily subject to air losses. Agriculture is a major polluter of the air with this 
gas. The monitored gases are among the greenhouse gases that currently negatively 
affect the global warming of the planet. Agriculture is one of the biggest air pollutants 
of this gas. Methods for measuring ammonia emissions in animal production are well 
developed, but methods for measuring this gas after application are not uniform (Šimek 
& Cooper, 2002; Dietrich et al., 2020). The concentration of ammonia, nitrous oxide, 
methane and carbon dioxide in the air above the soil surface is high after application but 
decreases over time (Češpiva & Zabloudilová, 2016; Dietrich et al., 2020), therefore the 
measurement should be performed as soon as possible after application. 
The aim is to measure the amount of emissions produced after application and 
incorporation into the soil depending on the dose of digestate, because it is important to 
optimize the amount of organic fertilizer to minimize the amount of greenhouse gases 
emitted. When looking for the optimal dose, we must not forget to supply enough 
nutrients to the plants. Another goal is to compare the physical properties of the soil for 
different doses of application. 
 
MATERIAL AND METHODS  
 
On the experimental plot on 27th August 2020, digestate was applied by a tank with 
a disc application unit after the pre-crop had been harvested. Cattle slurry, corn silage 
and grass silage were used as raw input materials in the biogas plant. The experimental 
plot was located near the locality Čechtice in the Central Bohemian Region, Czech 
Republic (GPS 49° 37'07"N 15° 04'04" E). According to USDA, soil texture of the field 
was sandy loam. Each variant had a width of 24 m, and a length of 100 m. Samples of 
below mentioned variables were taken in a rectangular grid corresponding to the 
respective numbers of samples per variant. The digestate was applied by a disk 
application unit at different rates on four variants, with the fifth variant as control without 
digestate application, but with the same soil tillage treatment. The depth of digestate 
incorporation into soil reached approximately 10 cm. The respective digestate rates were 
10, 20, 30, 40 t ha-1. The maximum dose of 40 t ha-1 was chosen because this dose contains 
approximately the maximum recommended amount of nitrogen per a single dose. The 
measurement of emissions and physical properties of soil followed immediately after the 
digestate application. The monitored emission gasses were CO2, CH4 and NH3. 
An INOVA 1412 gas analyser was used to measure the emissions of the gases. Due 
to the dimensions of the instrument and the battery, the device was located in a transport 
vehicle. From the wind tunnels (Fig. 1) located at the monitored places, special Teflon 
hoses lead, through which the analysed air was supplied. In the analyser, a sample of air 
ensures the exact speed of air flow out of the wind tunnel, see Fig. 1. The other opening 
acts as air intake, where the air flow rate is measured and recorded by an anemometer. 
Inside, there is a thermometer that continuously monitors and records the temperature at 
which the measurement takes place. When using the INNOVA 1309 option, gas 
measurements can be performed simultaneously on up to five variants. After an hour, 
the wind tunnels were moved to another location within the variant, monitoring took 
place for over approximately three hours. All measured data were recorded and then 
transferred to a PC. 
Simultaneously with the above mentioned measurement, undisturbed soil samples 
were taken in order to determine soil bulk density by means of Kopecky cylinders 
(V = 100 cm3). Soil samples were taken at a depth of 5 to 10 cm. Five samples were 
taken for each variant. The measurement served as informative on the homogeneity of 
the field. 
Utilizing a penetrometer, another parameter concurrently monitored was the 
penetration resistance. This method is indirect, because the soil resistance depends not 
only on the porosity and bulk density but also on soil texture and moisture. It is advisable 
to compare the measured results only within one plot or with plots of similar properties. 
This measurement can detect excessive soil compaction. Penetration resistance was 
evaluated at the depths of 4, 8, 12, 16 and 20 cm in ten samples per variant. 
in a chamber is exposed to UV rays  
of a given frequency. There is a 
resonance of the molecules of the 
monitored gas and subsequent 
transformation into an oscillating 
motion of the molecules. No resonance 
occurs with the other components of 
the sample. The oscillating motion of 
the particles is detected by sensitive 
sensors. Wind tunnels consist of a 
plastic block that does not have a 
35 × 50 cm wall on the underside 
(Loubet et al. 1999, Yang et al., 2018). 
The wind tunnel has two ventilation 
openings on the opposite sides. One 
opening is equipped with a fan with  




Figure 1. Emissions measuring wind tunnel. 
Satellite data of Sentinel-2 (European Space Agency; ESA) was used for crop status 
evaluation. Five cloud-less images were selected and processed to gather 20–24 pixels 
(resolution 10 m/px) for each variant. Besides the commonly used Normalized 
Difference Vegetation Index (NDVI), Green Normalized Difference Vegetation Index 
(GNDVI) was derived. GNDVI is trusted to be suitable to evaluate plant nitrogen content 
and is also more sensitive to chlorophyll concentration than NDVI. With regard to the 
sparse vegetation cover, Soil Adjusted Vegetation Index (SAVI) was also calculated. 
This spectral index was designed to suppress the influence of pixels representing soil. 
The correction factor for SAVI equation was set to 0.5. Equations for all three used 
indices are provided in Table 1. The data was processed using open-source software ESA 
SNAP, QGIS and R. Yields can be predicted by long-term monitoring of crop stands 
using remote sensing (Tunca et al., 2018). 
 
Table 1. Vegetation Indices emloyed 
 
Statistical analysis of data was performed using the Statistica 12 software. The 
ANOVA test was employed to evaluate gas emissions and remote sensing. The paired 
Wilcoxon test was used to evaluate penetration resistance. 
 
RESULTS AND DISCUSSION 
 
In Table 2, average temperature and humidity values within wind tunnels are 
presented for the individual plots where the measurement took place. Under similar 
conditions, the physical properties of the soil were measured. The weather was sunny with 
the edge of measurability. Negatively displayed values are the consequence of the 
measurability limit of the measuring instrument. These small emission concentrations can 
be attributed to the method of application. The disc applicator mixes the digestate into the 
entire treated soil layer, leaving a minimal amount on the soil surface, which is subject to 
a rapid release into the air. Therefore, the measured NH3 concentration is significantly 
lower than (Wolf et al., 2014), where the digestate was incorporated in a slightly different 
way. The measured values show approximately slightly decreasing emissions during the 
Index Abbreviation Formula Authors 
Green Normalized  
Difference Index 
GNDVI 𝑁𝐼𝑅 − 𝐺𝑅𝐸𝐸𝑁
𝑁𝐼𝑅 + 𝐺𝑅𝐸𝐸𝑁
 
(Gitelson et al., 1996)  
Normalized Difference 
Vegetation Index 
NDVI 𝑁𝐼𝑅 − 𝑅𝐸𝐷
𝑁𝐼𝑅 + 𝑅𝐸𝐷
 
(Rouse et al., 1974) 
Soil Adjusted Vegetation  
Index 
SAVI (1 + 𝐿) ∙  (𝑁𝐼𝑅 − 𝑅𝐸𝐷)
(𝑁𝐼𝑅 + 𝑅𝐸𝐷 + 𝐿)
 
(Huete, 1988) 
with the breeze. The average 
speed of air flow through the 
opening in the wind tunnels was 
set to 0.9 m s-1. 
Fig. 2 shows the ammonia 
emission balanced values of the 
individual variants. At the same 
time, these values are small up to  
 
Table 2. Average air temperature (°C) and relative 
humidity for the field near Čechtice during the 
measurement for individual trial plots 
Dose variant (t ha-1) 40 30 20 10 0 
Average temperature 
(°C) 
24.29 24.92 26.41 27.55 27.75 
Relative humidity (%) 58.74 60.52 45.14 40.82 40.01 
 
measurement period, which is confirmed by other works (Rosace et al., 2020; Dietrich 




Figure 2. Ammonia emission (kg m-2 y-1) for individual digestate dose (t ha-1). 
 
The measured values for methane (Fig. 3) are similarly balanced as for ammonia 
emissions without statistically significant differences. The same reasons for balanced 
results apply for methane as for ammonia. When comparing the same time from 
application, the measured emissions of all application variants are higher than those 




Figure 3. Methane emission (kg m-2 y-1) for individual digestate dose (t ha-1). 
 
Differences can be seen in the measurement of carbon dioxide emissions (see 
Fig. 4), although the measured values have a higher variance. Statistically significant 
differences were discovered between the 10 t ha-1 dose and the control variant without 
application, then between doses of 10 t ha-1 and 30 t ha-1, and finally between doses of 
40 t ha-1 and 30 t ha-1. The differences were not statistically significant among the other 
variants. The measured values in all variants were higher than in Rosace et al. (2020), 
this difference may be due to a different measurement method, although the course of 
emission leakage over time is similar. When comparing the results of Czubaszek & 
Wysocka-Czubaszek (2018) immediately after application, our measured results were 
smaller, but when compared with their measured results the day after application, our 




Figure 4. Carbon dioxin emission (kg m-2 y-1) for individual digestate dose (t ha-1). 
 
The measurements of the penetration resistance (Fig. 5) in the upper part of the soil, 
in particular at 4 and 8 cm, can be influenced by the tillage after application of the 
digestate. At a depth of 12 cm, there are obvious differences, but even here it could be 
affected by soil tillage. The differences in penetration resistance were then evident in the 
depth of 16 cm, where the penetration resistances within the variants with a dose of 10 
and 20 t ha-1 were lower than in the other variants. With smaller differences, a situation 
like the previous measurement depth can be seen at a depth of 20 cm. Similar resistance 
values at depths of 16 and 20 cm, which were comparable, were achieved by Beni et al. 
(2012). Depths of 4–12 cm cannot be exactly compared, because this layer of soil was 




Figure 5. Penetration resistance (MPa) at selected depths. 
 
Fig. 6 shows the highest measured average bulk density value for the variant with 
a dose of 40 t ha-1. On the contrary, in the variant with a dose of 30 t ha-1, the soil bulk 
density was the smallest. According to Pokorný et al. (2007), the measured values were 
below the limit of excessive compaction for a given type of soil. When compared with 
their first year of measurement, similar values of soil bulk density were reached after 








Figure 7. Vegetation indices of individual variants (digestate doses) in the experimental field 
near Čechtice. 
 
Fig. 7 shows the growth of the intermediate crop after the application of digestate, 
thus increasing the values of vegetation indices. The differences between the variants 
were already apparent during the first shooting. Apart from the SAVI index, which 
decreases approximately with dose, the highest values were reached at a dose of 20 t ha-1 
but did not differ statistically from the control variant and the dose of 10 t ha-1. The 
results can only be affected by growing vegetation. A similar result can be seen in the 
next evaluated date, where the highest vegetation indices were attained by the dose of 
20 t ha-1, but statistically the result did not differ from dose 10 and 40 t ha-1. On the third 
monitored date, the SAVI index reached the highest value in the control variant but did 
not differ statistically with the dose variants of 10 and 20 t ha-1. For the other two indices, 
except for the dose of 40 t ha-1, the statistical analysis did not find any differences. On 
the fourth control date, the indices were balanced. The GNDVI index reached its 
maximum for the variant of 10 t ha-1, but without significant differences compared to the 
others. The NDVI index reached the highest value at 10 t ha-1, but except for the variant 
30 t ha-1 without any statistical difference. The SAVI index reached the highest value at 
40 t ha-1 but except for the variant 30 t ha-1 without any significant difference. On the 
fifth date of observation, in addition to the SAVI index, there were differences among 
the groups of variants. The control variant worked best. The last evaluated date presented 
the best variant with dose as of 10 t ha-1, but except for the variant with dose 40 t ha-1 
without any significant difference. In this case, the growth was not yet sufficient for the 




Measurements of emissions after digestate incorporation showed differences 
among variants only in CO2 concentrations. The concentrations of other monitored gases 
were discovered without any significant differences. After application, lower values of 
penetration resistance at depths of 16 and 20 cm were measured for variants with a dose 
of 10 and 20 t ha-1 than for the other doses. Concerning soil bulk density, no significant 
differences were found. Remote sensing of the stand showed only small differences 
among vegetation indices of individual variants. Generally low measured levels of 
emissions from the soil surface were probably caused by the digestate having been 
incorporated into the soil. Therefore, this method of application can be recommended. 
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